Severe acute respiratory syndrome (SARS), a new infectious respiratory disease typically associated with fever, shortness of breath, cough, and pneumonia, emerged in southern China in late 2002. Within months, the disease had spread globally, affecting over 8000 patients in 29 countries with 774 fatalities. Over half of these infections can be directly traced to one index patient who arrived in Hong Kong on Feb 21, 2003, after acquiring the disease in Guangdong. This is a dramatic illustration of the impact of modern air travel on the spread of an emerging human infection.[@bib1] The outbreak was brought under control through a concerted global effort coordinated by WHO, and by July 5, 2003, no further human-human transmission was taking place and the global outbreak was declared over. In many ways it was an unprecedented global experience, in the rapidity and extent of its spread, the magnitude of its impact on the health systems and economies, and in the effectiveness of its control.[@bib2], [@bib3], [@bib4]

The first known cases of this unusual disease occurred in Foshan in Guangdong province, China, in November, 2002.[@bib5], [@bib6], [@bib7], [@bib8] Similar cases were subsequently reported in Heyuan, which affected family members and healthcare workers in contact with an index case (a chef working in an exotic game restaurant in Shenzhen). Many of these early patients had epidemiological links to the live-animal market trade.[@bib5], [@bib7] By January, 2003, the disease had spread to Guangzhou, the capital of Guangdong province, and caused major outbreaks that primarily affected healthcare workers. By the end of January, 2003, the characteristics of the disease were recognised to be a rapidly progressive atypical pneumonia without leucocytosis, which was refractory to conventional antibiotic therapy and was associated with outbreaks in family or hospital settings.[@bib9] Clinicians in Guangzhou had termed it "infectious atypical pneumonia". Several causal agents were under consideration at that time, including chlamydia, which had been found in necropsy tissue of patients who had died from the disease.[@bib10] However, the clinical progression and the lack of a response to appropriate macrolide antibiotics argued against a role for chlamydia in this disease.

Meanwhile, the outbreak of disease in Guangzhou was causing concern and even panic among the residents, as reported in local and regional media.[@bib8] On Feb 11, 2003, WHO was informed of 305 cases from Guangdong province, over 100 of whom were healthcare workers, with five reported deaths.[@bib11] The health authorities in Hong Kong set up enhanced epidemiological and microbiological surveillance of cases of atypical pneumonia, especially for those with a history of recent travel to mainland China. Although several causal agents were identified in patients with atypical pneumonia diagnosed in Hong Kong, the first agent of note was avian influenza A subtype H5N1 from a family returning from Fujian in early February, 2003.[@bib12] This finding raised concerns that the avian influenza H5N1 virus may be responsible for the outbreak in Guangdong. A global pandemic alert was declared by WHO and preparations for vaccine development were started.[@bib13] However, further investigations revealed no further cases of H5N1 avian influenza in other patients in Guangdong or in Hong Kong.[@bib14]

By the end of February, 2003, clusters of a pneumonic illness in healthcare workers were being reported in a hospital in Hanoi in association with an index patient who had recently travelled there from Hong Kong. By March 10, a similar outbreak of illness in healthcare workers was reported from the Prince of Wales Hospital in Hong Kong.[@bib15] WHO provided a preliminary case definition and a name (\"severe acute respiratory syndrome") for the disease. At this time, additional suspected cases were reported in Toronto and Singapore. WHO issued a global alert and a subsequent travel advisory warning against unnecessary travel to affected regions. The identification of the causal agent was clearly a priority in the effort to contain the spread of this novel disease.[@bib16]

Aetiology {#cesec10}
=========

On March 18, 2003, WHO initiated a virtual network of laboratories to investigate the cause of SARS.[@bib16] Daily teleconferences updated members of the network on the progress of laboratory investigations in different parts of the world on patients with suspected SARS.[@bib16] This investigation established that influenza and other common respiratory pathogens were not the cause of this novel disease syndrome. Strategies for the detection of a novel agent included the use of direct electron microscopy on respiratory specimens, bronchoalveolar lavage, and lung tissue obtained from lung biopsy or necropsy, culture in cell lines known to support respiratory viral infection (and subsequently on other types of cells), PCR and reverse-transcription PCR (RT-PCR) with consensus primers for respiratory viral pathogens, and random-primer RT-PCR methods. Serology was used for the detection of agents antigenically related to known respiratory pathogens. One of the problems faced in this investigation was the differentiation of SARS from more routine causes of atypical pneumonia. The one feature supporting the probable diagnosis of SARS was epidemiological linkage to a cluster of similar disease cases. Substantial numbers of such cases were initially present in Guangzhou, at the hospital outbreaks at Hanoi and at the Prince of Wales Hospital, Hong Kong, and subsequently in Toronto and Singapore. Through global case notification, a suspected case from Singapore was also intercepted on a flight arriving in Frankfurt, Germany.[@bib17]

Members of the network reported virus-like particles in clinical respiratory specimens by electron microscopy, and these virus particles had pleomorphic morphology compatible with paramyxoviruses.[@bib16], [@bib17] Shortly after, human metapneumovirus was detected in the respiratory tract of patients with SARS at the Prince of Wales Hospital in Hong Kong, and in Toronto.[@bib18], [@bib19] However, human metapneumovirus was not consistently detected in other patients with SARS in Hong Kong outside the Prince of Wales Hospital or elsewhere globally. In addition, the genetic sequence of the human metapneumovirus isolated from these patients was essentially similar to that previously known to circulate in human beings. As such, it was difficult to explain why human metapneumovirus, which was known to have been a human pathogen for many years, would cause a novel and unusual disease syndrome such as SARS. Rhinovirus and chlamydia were also detected in patients with suspected SARS.[@bib10], [@bib17], [@bib20]

Three laboratories within the WHO network independently reported the isolation of a novel coronavirus from clinical specimens of patients with SARS.[@bib14], [@bib17], [@bib20] In all three laboratories, the strategies that led to the detection of this novel coronavirus were broadly similar. Although culture in cell lines (including Hep-2, MRC-5, MDCK, LLC-Mk2, HeLa, RDE, NCI-H292, HUT-292, B95-8, and A549) that were usually used to culture respiratory viruses proved unproductive, the virus was isolated in Vero-E6 cells in two laboratories and FRhK-4 cells in the other. Even before the nature of the virus was identified, a link with SARS was established by showing that serum samples from patients with suspected SARS had increasing antibody titres to virus-infected cells by indirect immunofluorescence assay (IIFA). The identification of the agent as a coronavirus was made using thin-section electron microscopy of virus-infected cells and negatively stained preparations of cell-culture supernatants that were virus infected ([Figure 1](#fig1){ref-type="fig"} ). Independent confirmation of the identity of the virus was obtained by sequencing fragments of the viral genome derived through random-primed RT-PCR in two laboratories, and the use of consensus primers for coronaviruses in the other laboratory. In all three laboratories, the region that yielded the early sequence information was the open reading frame (ORF) 1b region of the replicase gene, possibly because this is a highly conserved region of the virus. DNA array analysis using a microarray containing probes for various virus families[@bib21] was done on infected and uninfected cells. This analysis gave positive signals for a group of eight oligonucleotides whose sequence was derived from two virus families, the Coronaviridae and the Astroviridae.[@bib20] However, microarray analysis could only be done once the virus was isolated in culture and could not be done directly on the clinical specimen.Figure 1Thin section electron micrograph of the surface of an infected FRhK4 cell showing SARS coronavirus with spikes. Bar=100 nm.

The independent detection by three laboratories of a coronavirus-like agent in samples from patients with SARS-like disease in Hong Kong, Vietnam, Singapore, and Germany (patient from Singapore) led particular credence to the significance of this observation. However, to conclusively establish a causal role for this novel coronavirus, the virus had to be consistently found in the relevant clinical specimens from patients with the disease and not in healthy controls. RT-PCR methods based on the initial genetic sequence of the virus replicase gene were designed and applied to detect viral RNA in patients\' specimens. The virus isolate was also used in IIFAs and EIAs to detect serological responses in acute and convalescent serum specimens. With these approaches, infection with the novel coronavirus, subsequently named SARS-associated coronavirus, was detectable in 45 of 50 consecutive patients with clinically suspected SARS in Hong Kong. All 32 patients from whom paired serum samples were available had seroconverted to positive for SARS coronavirus. Viral RNA was not detectable by RT-PCR in healthy controls. Serum samples from 200 healthy blood donors in Hong Kong, even though there was an outbreak of SARS at the time, did not have antibody that was reactive to cells infected with SARS coronavirus in IIFAs.[@bib14] A second study found evidence of SARS coronavirus by RT-PCR or virus culture in 19 patients with SARS from Vietnam, Hong Kong, and Singapore, and nine patients from whom serum samples were available had increasing antibody titres to the virus.[@bib20] Furthermore, 384 randomly selected serum samples from US blood donors had no reactivity to the SARS coronavirus by EIA.[@bib20] A third study found all five patients with probable SARS and three of 13 patients with suspected SARS who originated from Singapore and Vietnam to have evidence of SARS coronavirus RNA by RT-PCR.[@bib17] Taken together, these results indicated that the novel coronavirus was associated with SARS, and given the lack of serological reactivity in human beings, suggested that it was probably recently introduced to the human population. Because, on the basis of the partial genetic information available, the virus seemed to be an agent not previously known to circulate in human populations, the likely origin of the virus was from an animal source.

Fulfilment of Koch\'s postulates for establishing the cause of a disease requires that the microbe should be detected at the site of the disease. SARS coronavirus was detected in the lung biopsy and bronchoalveolar lavage of a patient with SARS by virus culture, RT-PCR, and electron microscopy.[@bib10], [@bib17], [@bib20] In addition, virus-like particles compatible in size and morphology to coronavirus were shown in lung biopsy tissue and bronchoalveolar lavage.[@bib10], [@bib20] The lung pathology of fatal SARS showed bronchial epithelial denudation, loss of cilia, type 2 pneumocyte hyperplasia, and in patients who died later in the course of the disease, syncytial cells were seen in the alveoli.[@bib20], [@bib22], [@bib23] SARS coronavirus RNA was shown in the lungs by RT-PCR[@bib23], [@bib24] and in-situ hybridisation,[@bib25], [@bib26], [@bib27] and viral antigen was detected in alveolar epithelial cells and macrophages by immunohistology (our unpublished data). No evidence of human metapneumovirus was detected in the lungs by RT-PCR, by electron microscopy, or by a serological response in paired serum samples.[@bib22], [@bib23]

The final requirement for the fulfilment of Koch\'s postulates to establish the cause of an infectious disease is reproduction of the disease in a relevant animal model. Infection of cynomolgous macaques with an isolate of SARS coronavirus led to disease that was pathologically similar to that seen in human patients with SARS, with epithelial necrosis, serosanguinous alveolar exudates, hyaline membranes, type 2 pneumocyte hyperplasia, and the presence of syncytia.[@bib28], [@bib29] The virus was successfully re-isolated from these lesions and an antibody response to the virus was shown in the infected animals. By contrast, infection of macaques with human metapneumovirus produced a mild suppurative rhinitis with minimal erosion in the infected airways.[@bib28] The possibility remained that co-infection with human metapneumovirus could exacerbate the disease caused by SARS coronavirus. However, there was no evidence of human metapneumovirus infection (by RT-PCR or serological methods) in patients with severe and fatal SARS. SARS coronavirus was detected in these patients, which suggested that human metapneumovirus was not necessary for development of severe or fatal SARS.[@bib23] In addition, infection of macaques with SARS coronavirus followed by human metapneumovirus did not produce enhanced disease.[@bib28] Thus, it was concluded that SARS coronavirus was both necessary and sufficient to cause the full syndrome of SARS. Subsequently, it was shown that SARS coronavirus infects and replicates in cats and ferrets, and can be transmitted to uninfected animals.[@bib30] Recently, SARS coronavirus has also been shown to infect and replicate in mice, although without overt disease.[@bib31] These experiments provide alternative animal models for the investigation of SARS. Of these, the macaque and ferret models show clinically significant disease.

Genetic sequence of the SARS coronavirus {#cesec20}
========================================

Within weeks of the isolation of the novel coronavirus associated with SARS, the full genome of the virus was sequenced.[@bib32], [@bib33] Analysis of the genome of the SARS coronavirus confirmed that it was completely novel across the whole of its length, and was not derived by recombination between previously known animal or human coronaviruses. This finding also confirmed that SARS coronavirus could not have been artificially generated in the laboratory as a bioterrorist agent.

Coronaviruses are enveloped viruses with a single, positive-stranded RNA genome. All coronaviruses have five major ORFs that encode the replicase, spike, envelope, membrane, and nucleocapsid proteins.[@bib34], [@bib35] These viruses can be subdivided into three groups. On the basis of antigenic and genetic studies, all previously known human coronaviruses can be classified into group 1 (eg, 229E) and group 2 (eg, OC43). SARS coronavirus showed some serological cross-reactivity with antisera raised to human coronavirus 229E (group 1).[@bib20] Partial initial viral sequences of the viral replicase had indicated that SARS coronavirus was genetically distinct from all previously known coronaviruses.[@bib14], [@bib17], [@bib20] Further characterisation of the full genome confirmed this deduction and suggested that the virus is distantly related to coronaviruses from groups 2 and 3.[@bib32], [@bib33], [@bib36] These findings prompted the conclusion that either the SARS coronavirus represents a new fourth group within the coronavirus genus,[@bib32], [@bib33] or that it represented a group 2 virus that had diverged from others in the group very early in evolution.[@bib37] However, unlike other group 2 viruses, SARS coronavirus does not contain a haemagglutinin-esterase protein encoding sequence. Further work is required to confirm the taxonomic classification of this virus.

The availability of the full genetic sequence has allowed refinement of diagnostic assays (see below), rational antiviral drug design, and vaccine development.[@bib38], [@bib39]

Origins and molecular epidemiology of SARS {#cesec30}
==========================================

The recent introduction of a novel coronavirus in human beings without prior serological evidence of infection in the human population prompted much speculation about the origin of this virus. Whereas bioengineered or even extraterrestrial agents were adduced by some to explain its origin,[@bib40] the most probable explanation was that it was an animal virus that had recently acquired the ability for human-human transmission. This hypothesis was strengthened by reports that early patients with SARS in Guangdong were exposed to live wild game animals held in markets serving the restaurant trade for freshly cooked game meat.[@bib5], [@bib7] A search for the animal source of the precursor virus was prompted ([Figure 2](#fig2){ref-type="fig"} ). Sampling of several animal species found in one of the live-game markets in Guangdong revealed that some of them carried a virus genetically and antigenically related to the human SARS coronavirus.[@bib41] In particular, a SARS-like coronavirus was detected by RT-PCR in the nasal and faecal swabs of civet cats (*Paguma larvata*) and a raccoon dog (*Nyctereutes procyonoides*). Serological evidence of infection was found in these species and also in a Chinese ferret-badger (*Melogale moschata*).[@bib41] Genetic sequencing of the virus revealed that the animal coronavirus had more than 99% homology with human SARS coronavirus ([Figure 3](#fig3){ref-type="fig"} ). However, when compared with the animal viruses, the human SARS coronavirus seemed to have a 29-nucleotide deletion in ORF8 ([Figure 4](#fig4){ref-type="fig"} ). This additional sequence predicts that the animal virus will express a putative protein of 122 aminoacids that is not seen in the human SARS coronavirus. Interestingly, a subsequent study revealed other genotypes with similar deletions in the same ORF.[@bib42] In that study, viruses with a 82-nucleotide deletion were isolated from the early phase of the epidemic. In addition, viruses with a 415-nucleotide deletion resulting in the loss of the whole ORF8 region were found in May, 2003 (ie, at the late phase of the outbreak). These results indicated that the expression of ORF8 is dispensable for the SARS coronavirus in human beings. Alternatively, it is also tempting to speculate that deletions in ORF8 might give the virus an advantage to adaptation in human beings.Figure 2Investigation of the animal precursor of the SARS coronavirus in a live-animal market in China.Figure 3Phylogeny of human and animal SARS coronaviruses isolated in 2003. The scale bar represents the genetic distance estimated by Kimura\'s two parameter substitution model (adapted from [@bib41], with permission).Figure 4Genetic organisation of SARS coronavirus-like viruses found in human beings and animals (modified from [@bib41]). Open reading frames (ORFs) 1a and 1b, encoding the non-structural polyproteins, and those encoding the spike (S), envelope (E), membrane (M), and nucleocapsid (N) structural proteins are indicated (green boxes). ORFs for putative proteins 7a, 8a, 8b and 9b are indicated by brown boxes. An extra 29-nucleotide sequence is ORF8 of the animal SARS coronavirus (based on AY278554 numbering). The presence of this 29-nucleotide sequence in animal isolates generates a new protein-encoding sequence in ORF8 (blue box). The labelling system is based on [@bib37].

Animal traders working with live animals in these markets had high seroprevalence for both the human and animal SARS coronavirus, although they did not have a history of SARS-like disease.[@bib41], [@bib43] The animal precursor of SARS coronavirus is thus likely to be inefficient at infecting human beings, and repeated exposure to the precursor animal virus probably leads to the abortive infection or antigenic stimulation that results in this observed serological response in the animal handlers. These findings, taken with the history of exposure to these same live-animal markets provided by some of the early patients with SARS, suggests that the live-animal markets were probably the site where the inter-species transfer of the animal virus to human beings occurred.

It seems that once the virus is introduced into such live-animal markets with a diverse fauna of small mammals, the precursor SARS coronavirus efficiently establishes itself in several small mammalian species. Studies with avian influenza viruses in live-poultry markets has shown that such viruses amplify within the setting of a market trading in live birds,[@bib44] and it is likely that the precursor SARS coronavirus does likewise in markets in which there is a diversity of mammalian species, with animals being removed and added to the ecosystem on a regular basis.[@bib45] However, the reservoir of this virus in nature remains to be conclusively identified. The palm civet or the raccoon dog are current candidates. Equally, another species could be the reservoir of the virus in the wild, while the civet cats and similar species serve as the amplifier of the disease in the setting of live-animal markets. Further work is required to identify the natural reservoir of this virus.

Detailed molecular epidemiological investigations indicate that the viruses detected in human beings in the early stages of the SARS outbreak in Guangdong are closely related to the animal SARS coronavirus.[@bib41], [@bib42], [@bib46] Some viruses had the additional 29-nucleotide sequence that was seen in the animal viruses. The early viruses were found to be genetically more diverse and more prone to mutation than viruses isolated later in the course of the outbreak, which suggests that the SARS coronavirus was in the process of host adaptation and was subjected to a high selection pressure during the early phase of the outbreak.[@bib42] Later in the outbreak, the virus had presumably become more adapted to human-human transmission and one lineage of the virus had become dominant. For example, in Feb-March, 2003, there were at least four introductions of SARS coronavirus from China to Hong Kong.[@bib46] These were genetically diverse. However, both classic and molecular epidemiology suggests that only one of these viruses seems to have given rise to the major outbreak in Hong Kong that subsequently spread globally. Thus, most of the SARS coronaviruses isolated from patients in Canada, Vietnam, and Singapore are genetically closely related to the virus isolated from a single SARS patient in Hong Kong (HKU-33), whereas other genetic lineages seem to be less transmissible.[@bib42], [@bib46], [@bib47], [@bib48], [@bib49], [@bib50]

Laboratory diagnosis {#cesec40}
====================

Isolation of the causal agent and determination of its partial genome sequence provided the basis for the first generation of laboratory tests for SARS.[@bib14], [@bib17], [@bib20] RT-PCR tests were based on the ORF1b sequence of SARS coronavirus replicase gene, the first part of the genome to be sequenced. Serological tests were based on the IIFA of virus-infected cells and EIAs were based on viral cell extracts. Virus isolation was not very sensitive, was labour intensive, and took too long to be clinically relevant. Although these tests used in combination proved robust and useful for the retrospective diagnosis of SARS, they proved less satisfactory for providing a diagnosis in the first few days after disease onset.[@bib51], [@bib52]

The first generation of RT-PCR assays were more sensitive at the end of the first week of illness, with only 35--65% of specimens testing positive in the first few days of the disease.[@bib51], [@bib53], [@bib54], [@bib55] However, these assays provided important insights into the pathogenesis and transmission of the disease. Virus was detected by RT-PCR and by culture not only in the respiratory tract but also in the faeces and urine.[@bib51] Replication of the virus in the gastrointestinal tract was confirmed by electron microscopic studies of biopsies of the upper and lower intestinal mucosa in patients with SARS.[@bib56] These findings suggested that infection with SARS coronavirus was disseminated and not simply confined to the respiratory tract. They also raised the possibility that the infection could be spread by the faecal route. This route proved to be important in at least one major community outbreak, Amoy Gardens in Hong Kong, in which over 300 patients were infected within the period of a few days, presumably through contaminated faeces.[@bib57] Quantitative RT-PCR assays on the nasopharyngeal aspirates as well as rates of positivity of first-generation RT-PCR assays at different stages of the illness showed that, unlike other respiratory viral infections, viral load and rates of positivity of SARS coronavirus in the upper respiratory tract increased progressively to peak at around day 10 after disease onset.[@bib51], [@bib53], [@bib54], [@bib55], [@bib58] These findings provided the reason why RT-PCR assays were of poor sensitivity early in the course of the disease. They also predicted that virus transmission would be lower in the first few days of illness, a finding supported by epidemiological observations.[@bib59] Whereas viral RNA could be detected by RT-PCR for many weeks or even months after the onset of disease, virus culture was only possible during the first 3 weeks of illness.[@bib51] It is possible that even though virus replication continues after the first 3 weeks of disease, the virus may be complexed with antibody and therefore no longer infective or transmissible. This finding was also in agreement with epidemiological findings.

Apart from respiratory samples, viral RNA was also detected in stool, blood, cerebrospinal fluid, and urine.[@bib58], [@bib60], [@bib61], [@bib62], [@bib63] Of these non-respiratory samples, stool specimens had the highest proportion of positive RT-PCR results. In one study, 65 of 67 stool samples collected later in the illness (mean 14·2 days) were positive in conventional RT-PCR assays.[@bib58] This observation agreed with the report that stool samples might be a good alternative to respiratory samples for the identification of SARS patients.[@bib55] However, one study indicated that viral RNA was not detectable in stool samples within the first 4 days of illness, suggesting that stool samples might not be useful for early diagnosis of SARS.[@bib51]

The low sensitivity of conventional RT-PCR assays in the first few days of disease, the period during which laboratory diagnosis is most relevant for patient care, prompted the exploration of several strategies to improve test sensitivity. A quantitative real-time RT-PCR approach was used to improve sensitivity as well as turnaround time.[@bib64], [@bib65] These methods had the benefit of being closed systems that reduced the chance of PCR cross-contamination within the laboratory. More importantly, the technology, when combined with automated specimen extraction methods, had the potential to become high throughput assays, a significant advantage in areas with outbreaks of SARS in which large numbers of specimens had to be tested. In addition, these assays provided quantitative viral load data, which helped elucidate the pathogenesis of the disease. For example, these assays showed that viral load was highest in specimens of the lower respiratory tract (eg, bronchoalveolar lavage, sputum, endotracheal aspirates), and was higher in nasopharyngeal aspirate than in throat swabs.[@bib17] Faecal samples had very high viral loads toward the end of the first week of illness, and were the specimen of choice during the second week of disease.[@bib66]

Other approaches were also used to enhance the detection rate of SARS. The sensitivity of detection could be increased by testing multiple serial samples collected from the same patient.[@bib62] However, this increased the already high workloads in clinical diagnostic laboratories. Real-time nested RT-PCR strategies were shown to be useful for detecting low copy numbers of SARS coronavirus present in the early stage of illness.[@bib67], [@bib68] The turnaround time for this method was much shorter than that for the conventional nested RT-PCR assay. However, nested RT-PCR increases the risk of laboratory cross-contamination, leading to false-positive results.[@bib69]

In infected cells, coronaviruses generate subgenomic mRNA for the synthesis of structural viral protein by discontinuous transcription. Because of the genomic organisation of SARS coronavirus, all subgenomic mRNA molecules contain the nucleocapsid gene sequence region of the SARS coronavirus.[@bib32], [@bib33] Thus, targeting the nucleocapsid gene sequence should be expected to enhance sensitivity of diagnosis. This proved to be the case when applied to specimens collected from experimentally infected macaques.[@bib29] However, several independent studies on clinical specimens from patients with SARS proved otherwise,[@bib66], [@bib70], [@bib71], [@bib72] and showed that most of the viral RNA in clinical specimens is of genomic origin.[@bib66] However, it was advisable to have RT-PCR assays that target different parts of the viral genome to serve as a confirmation of the positive result.[@bib73] This strategy provides some assurance that a positive result is not due to laboratory contamination with PCR amplicon.

Given that the analytical sensitivity of RT-PCR assays could not be increased much further, the only other option for enhancing test sensitivity was by increasing the amount of viral RNA added to the RT-PCR reaction mix.[@bib70], [@bib74] By extraction of RNA samples from a larger volume of nasopharyngeal aspirate and by applying quantitative real-time RT-PCR technologies, the sensitivity of SARS-coronavirus detection improved to approximately 80% of nasopharyngeal aspirate specimens collected from day 1--3 of disease onset with 100% specificity.[@bib75] This method was not necessarily associated with an increase in PCR inhibitors.[@bib75] However, this strategy implies that an inhibitor control is important to assure against a false-negative result due to PCR inhibition.

In initial studies, serum or plasma were not thought to be useful for molecular diagnosis of SARS.[@bib17], [@bib62] However, subsequent studies on plasma and serum samples from SARS patients showed that SARS coronavirus RNA was detectable in more than 50% of plasma and 78% of serum samples during the first week of illness.[@bib70] In another study, which used multiple serial plasma samples, 79% of SARS patients within the first 3 days of illness could be identified by quantitative RT-PCR.[@bib76] A recent study showed that SARS coronavirus RNA was detectable and was claimed to replicate in peripheral blood mononuclear cells from a SARS patient during early disease.[@bib61] Whether the viral RNA originated from infection of peripheral blood mononuclear cells or by phagocytosis or endocytosis of virus replicating the respiratory tract is still unclear. Nevertheless, blood leucocytes may provide yet another alternative for early SARS diagnosis. However, SARS coronavirus viraemia occurs mainly within the first week of the disease.[@bib77] In addition, outside the period of a SARS epidemic, most respiratory infections are caused by other pathogens, and a respiratory specimen still remains the most important clinical specimen for clinical investigation.

According to the results of first-generation RT-PCR assays, patients with a positive RT-PCR result on admission had worse outcomes in terms of survival, requirement for intensive care, and assisted ventilation, when compared with SARS patients with negative RT-PCR results at admission.[@bib53] This finding was presumably a surrogate for viral load early in the disease. Recently, this hypothesis has been confirmed using quantitative RT-PCR, and high viral load in the nasopharyngeal aspirate was found to be an independent predictor of mortality. Viral load from patients who died from the disease was recently shown to be about 4·5 log higher than in patients who eventually recovered from the illness.[@bib78] A high viral load is also associated with the occurrence of diarrhoea[@bib78] and the requirement for intensive care.[@bib70] Thus, quantitative PCR assays might provide critical prognostic information for clinical management. In particular, if the viral load is a major predictor of clinical outcome, effective antiviral therapy that helps to reduce viral load is likely to provide clinical benefit.

Serodiagnosis is currently the gold standard for confirmation of a diagnosis of SARS. IIFA using virus-infected cells spotted onto Teflon-coated microwell slides,[@bib51] or EIA based on extracts of virus-infected cells coated on microwell EIA plates have proved reliable methods for the diagnosis of SARS.[@bib79] However, seroconversion usually occurred in weeks 2 or 3 of illness, and a few patients seroconverted as late as 28 days after disease onset.[@bib58] Thus, serology is not an option for early diagnosis of the disease. Detection of IgM or IgA subclass-specific antibody did not allow earlier diagnosis.[@bib58], [@bib80] These tests require culture of live SARS coronavirus to provide the relevant antigen used in the assays, and require reliable inactivation of virus infectivity before they can be used outside biohazard level 3 containment. Recombinant viral nucleoprotein and spike protein antigens expressed in *Escherichia coli* and other substrates have been assessed as alternative serological test platforms.[@bib79], [@bib81], [@bib82] These have the potential for providing low cost, reproducible, and non-hazardous serological tests in an EIA format that is amenable to high throughput testing.[@bib79], [@bib83], [@bib84] However, it should be borne in mind that each antigen and assay format must be individually tested to assess the possibility of cross-reaction with other related human coronaviruses. Whereas such serological cross-reactions did not prove to be a major problem with the whole native viral antigen assays mentioned above, this should not be assumed to mean that recombinant antigens are equally specific until they have been shown to be so. Furthermore, although serological cross-reactivity proved not be a problem during the period of the SARS outbreak, in the post-SARS era when the prior probability of SARS is extremely low, a positive serological result must be treated with even greater caution. In addition to the two known human coronaviruses 229E and OC43, a new human coronavirus has been discovered.[@bib85] The possibility of cross-reaction with other human coronaviruses, although rare, is real and must be taken seriously. Furthermore, individuals vary in the antigenic epitopes to which they produce antibodies. Hence, cross-reactivity may well be a rare event, although such a result, if not interpreted with care, may have major implications for public health. We therefore suggest that all positive serological results should be confirmed by neutralisation tests in reference laboratories.

In periods in which there are no outbreaks of SARS, clinical specimens for investigation of SARS should be tested with particular care. Positive RT-PCR results should be confirmed by an independent molecular test on a different specimen. RT-PCR tests for different genome targets (eg, replicase gene and nucleoprotein gene) should be available in reference laboratories to confirm positive results, and for selective use in confirming negative results on patients on whom there is a high degree of suspicion. Serial specimens from many sites (eg, respiratory, faeces, and serum) should be tested. In addition, to avoid obtaining false-negative results, assays with internal PCR inhibitor control should be encouraged. Positive results should be confirmed in an independent reference laboratory. Serological assays should show a significant rise in antibody titres to native viral antigens (eg, IIFA) and be confirmed by virus neutralisation. Human infection with an animal SARS-like coronavirus, which is what we are most likely to encounter, may behave atypically compared with SARS. For example, the clinical disease may be milder and the viral load may be even lower and more transient than with SARS. This means even greater vigilance may be required in making the diagnosis of a infection with the SARS-related animal coronavirus.

Re-emergence of SARS? {#cesec50}
=====================

Possible options for the re-emergence of SARS includes the undetected continued transmission of the virus from the outbreak in the summer of 2003, escape of the virus from laboratories that contain live SARS coronavirus, or the re-emergence of the virus from an animal reservoir. There is at present no evidence for the virus persisting in the human population. Although the virus may be detected by RT-PCR in the faeces for months after the onset of disease,[@bib51] virus isolation is rarely possible after the third week of illness, and there is no evidence for disease transmission by patients in late convalescence. The possibility that immunocompromised patients, such as those with AIDS, may harbour the virus long term has to be considered. However, if epidemiologically relevant transmission from such cases occurred, SARS should have been manifest by now, given the intense global surveillance and awareness that now exists. Escape of the virus from a laboratory has indeed occurred on three occasions[@bib86] and highlights the importance of biosafety. WHO has provided strict biohazard guidelines for the handling of this virus and its secure storage.[@bib87] At least one of these events involved the handling of virus that was thought to be chemically inactivated.[@bib86], [@bib88] Thus, researchers should use appropriate and internationally accepted methods for the inactivation of live viruses.[@bib89] A detailed study on SARS-coronavirus inactivation has been recently reported.[@bib90] To prevent any inadvertent laboratory-acquired infection leading to secondary transmission in the community, as happened after the laboratory infections in Beijing,[@bib88] a high level of alert for febrile and respiratory illness in all laboratory workers who handle infectious SARS coronavirus needs to be maintained.

The re-emergence of the virus from its animal reservoir remains possible, given that the virus is detectable in the faeces and respiratory secretions of small mammals within live-animal markets in southern China. Re-emergence in four patients with SARS in Guangdong in December, 2003, and January, 2004, and epidemiological genetic linkage to live-game markets and viruses isolated from them, prompted the wholesale cull of civet cats and other small mammals in these markets in January, 2004.[@bib91] No further human cases of SARS acquired from animals have since been detected.

Search strategy and selection criteria {#cesec60}
======================================

PubMed searches and references from relevant articles were used for this review. Search terms used were "SARS", "severe acute respiratory syndrome", "coronavirus", "etiology", "diagnosis", "PCR", and "serology". Only papers published in English (except [@bib10]) were reviewed.
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